Magnetic fluids are superparamagnetic materials that have recently been the subject of extensive research because of their unique properties. Among them is the heating effect when exposed to an alternating magnetic field, wherein the objective is to use this property in medicine as an alternative method for the treatment of tumors in the body. e heating effect characterization for the alternating magnetic field (AMF) has been studied widely, whilst for the rotational magnetic field (RMF), no systematic study has been done yet. In this article, we present the characterization of the heating power of magnetic fluids in a high-frequency rotational magnetic field. e results show similar behavior of heating power or specific absorption rate characteristics as in AMF.
Introduction
Magnetic fluids are stable colloidal suspensions of superparamagnetic nanoparticles in a carrier liquid and have been the subject of numerous researches due to their specific properties. eir specific characteristics attracted attention when they were subjected to a time-changing magnetic field, which may have pulsating form (alternating magnetic field (AMF)) or rotary form (rotational magnetic field (RMF)).
is article will highlight the behavior of the magnetic fluid in the RMF, which has been at the forefront of research since 1980, in which Popplewell et al. [1] were interested in the rotational motion of the liquid due to low-frequency magnetic fields.
More recently, applications of magnetic fluids and magnetic nanoparticles have penetrated increasingly into the field of biomedicine, as proposed in [2] . Possible fields of application include magnetic resonance imaging, cell sorting, drug delivery, magnetic hyperthermia, and others [3] . e latter represents a medical treatment where a magnetic-fluid tumor-loaded tissue is exposed to a highfrequency alternating magnetic field with the aim of raising the temperature of the diseased tissues. An ideal hyperthermia treatment should destroy the tumor cells selectively without damaging the surrounding healthy tissue. is can be achieved with an increase in the temperature of the tissue to a value between 41 and 43°C. e limitations of such a process, advantages, and disadvantages are gathered in [4, 5] . Magnetic fluids exposed to AMF show immense heating effect, which is a direct consequence of the different physical mechanisms of conversion of the energy of a magnetic field into heat. e intensity of the heating depends strongly on the parameters of the magnetic field (frequency, amplitude, field homogeneity, etc.), as well as the structure of the magnetic fluid (particle size distribution and its type, carrier liquid, surfactant, etc.). Changing these parameters and measurement methods is fairly well known, and their summary is found in [6] [7] [8] [9] [10] .
e behavior of magnetic fluid exposed to the RMF is not new, since already in 1999 Lacis [11] attempted to demonstrate the movement of fluid in certain field frequencies. For frequencies up to 40 Hz, an s-shape, or spiral, formation of the ferrofluid has also been investigated [12, 13] .
Dieckhoff et al. [14] had been studying the behavior of magnetic nanoparticles exposed to RMF and AMF at low frequencies by means of phase-lag research. is would also be possible with the system used in this research, but the amplitude of the magnetic field is too small for accurate determination of magnetic field intensity.
It is also possible to simulate the dynamic behavior of particles in a magnetic field solving Fokker-Planck equations, as was done in [14, 15] , and the results have been verified experimentally, again only for low frequencies.
e basis for the construction of an RMF was taken from [13] and [15] [16] [17] and modified in such a way that magnetic fields could be generated suitable for medical hyperthermia.
In this paper, a new measuring system is presented for generating an RMF of high frequencies and satisfactory amplitudes, suitable for medical hyperthermia.
e main novelty of this article is the systematic characterization of magnetic flux losses in both types of magnetic fields (AMF and RMF), where we have confirmed experimentally the thesis given in [18] .
e results of the analysis and improvement of the measurement system for a better determination of the magnetic field are presented in the following sections.
Theory of Power Dissipation
Cantillon-Murphy et al. [19] extended the theory of magnetic fluid losses from Rosensweig [18] , who studied the physical mechanisms of heat generation in a time-changing magnetic field. Heat is caused by the delay in relaxation of the magnetic moment through either the rotation within the particle or the rotation of the particle itself. e first mechanism is called the Néel relaxation and the second one the Brownian relaxation. Relaxation times of a particle are given in (1) for the Néel relaxation (τ N ) and in (2) for the Brownian relaxation (τ B ):
where τ 0 is the characteristic time constant 10
, K a is the anisotropy constant, V p is the volume of the magnetic nanoparticle, k is Boltzmann's constant, T is the temperature, V h is the hydrodynamic volume of the magnetic nanoparticle and surfactant, and η is the dynamic viscosity of the carrier fluid.
Magnetic relaxation of magnetic nanoparticles is derived from the Shilomis equation, and relaxation time τ constant depends on the particle size, where the Brownian relaxation dominates the large particles, whilst the Néel relaxation dominates smaller particles:
e maximum value of chord susceptibility χ is fielddependent magnetic susceptibility, and it is calculated in the following equation:
where it is strongly dependent on the amplitude of the exposed magnetic field, H; volume fraction of magnetic nanoparticles in fluid, ϕ; the saturation magnetization of bulk material, M d (in the case of magnetite 445 kA/m); and the permeability of free space, µ 0 . When magnetic fluid is exposed to a rotational magnetic field, a vector of magnetic field strength can be divided into x and y components, H x and H y , and also the magnetization components m can be separated into the x and y directions and calculated by the following equation:
where Ω is the circular frequency of magnetic eld (2πf). In the case of s purely alternating magnetic eld, one of the eld components is set to zero, either H x or H y , whilst in a rotational magnetic eld both amplitudes are the same. e heating power of the speci c absorption rate (SAR), or the power dissipation P, is derived from the physical properties of the uid and the variables of the rotating magnetic eld from [19] , and it corresponds to the following equation:
3. Rotating Magnetic Field
Supply Coil Assembly.
e easiest RMF can be generated with a rotating magnet, but such systems rarely exceed the frequency of 50 Hz, which is completely useless for the application; in addition, the magnetic eld strength cannot be changed. Another approach to creating RMF is with a stator of a three-phase induction motor, where locally distributed coils are powered with the appropriate time-shifted voltages, as is done in [17] . is approach is not applicable for this application because of two problems. e rst one is frequency-exponential growth of magnetic core losses in regard to 50 Hz that the core is built for. In our frequency range (kHz), this would produce a lot of heat; hence, it is unusable. e second problem is the heating of supply coils, as, due to the eddy current e ect, they are also highly dependent on the frequency. e solution of the rst problem is to use a set of coils without a magnetic core, where the coils should have signi cantly larger turns, or increase the current to achieve satisfactory magnetic conditions. e other problem is solved by using a coil made from copper pipes, connected to the cooling water which dissipates the heat produced by eddy currents and, at the same time, allows substantially higher currents and, consequently, greater magnetic eld amplitudes. e basic distribution of supply coils is seen in Figure 1 , where two half coils are perpendicular to each other. is represents a two Helmholtz coil pair.
e system has an RF function generator, RIGOL DG4102, which allows a dual supply for two power generators. e power signals can be changed in amplitude and phase delay arbitrarily. is solution enables a stable power supply and the appropriate 90°phase shift to create an RMF.
For this system, we use two AC power ampli ers operating independently of each other. eir output powers are 2.0 kW and 0.7 kW and, hence, the weaker one limits their maximal current. e objective of system planning was to maximize the amplitude of H by varying the geometry of the coils. An analysis of the coils' parameter (height, width, diameter, and number of layers) impact on the H is made in [20] , whilst the actual picture of the three-layered system of half coils is presented in Figure 2 . In the center of the system is a rectangular cuvette for the sample, while two round measurement coils are placed on the right and bottom.
Measurement System.
e precise determining of the magnetic eld plays an important role in the characterization of magnetic uids. An important modi cation according to [20] represents the determination of the parameters of the magnetic eld b(t) and h(t). Field assessment from the supply current and the numerical calculations of the eld were replaced with actual measurements, where we added two pairs of measurement coils in both x and y directions. e rst pair is two round measurement coils that can be seen in Figure 3 (b), and they measure the induced voltages in air e h-r close to the sample. For determination of h(t) from (7), the geometric properties of the coil are needed, cross section A h-r and number of turns N h-r , where index "r" refers to the round shape. e second pair is two quadratic-shaped coils that measure the induced voltages e b-q for determination of the ux density b(t) from (8). Due to their shape, they are denoted with index "q," whilst their geometric properties of cross section A b-q and number of turns N b-q must be known:
An alternative method for determining the loss of magnetic uids in the magnetic eld is a method of magnetic measurement [8] [9] [10] . For example, AMF works well compared to the conventional method of SAR. Zeng [21] determined magnetic losses of magnetorheological uids in 2D RMF of low frequencies. ey achieved relatively highamplitude elds and plotted BH vector loci. erefore, for plotting BH loci of magnetic uids in the RMF, we need described measuring coils so that we can determine the components of magnetic ux density in both directions b x (t) and b y (t) and magnetic eld strengths h x (t) and h y (t). Losses P in the RMF are calculated using the following equation:
where ρ is the density. From the research with the AMF, we know that the more pronounced hysteresis loop appears in elds above 5 kA/m for frequencies above 100 kHz; therefore, we only received inadequate results with respect to output constraints on the RMF system. Hence, this theory will be con rmed as soon as we provide larger elds.
Results and Discussion

Magnetic Fluid Sample.
Since this is a continuation of the research, we use here the sample magnetic uid as in [20] .
e uid was composed of mineral oil as the carrier liquid and maghemite c- Figure 4 : Comparison of the heating of the magnetic uid sample exposed to AMF and RMF at di erent frequencies and amplitudes. 4 Advances in Materials Science and Engineering which revealed an iron concentration of 10.57%. For the test, we used an undiluted sample of 2.0 ml volume. SAR values are determined using the well-known equation (10) where the measured initial slope of the heating curve is the only variable besides the constant parameters of the uid, speci c heat, C f , mass of the uid, m f , and the mass of the iron particles, m Fe :
Rotating and Alternating Magnetic Field.
In [20] , we have checked the di erence between the two types of elds and, for two frequencies, made the thesis that the loss of the RMF is approximately twice as high as in the AMF. Due to the more stable power supply in the case of an RMF and easier control of phase shift, the thesis has been tested further for higher frequencies and came to similar conclusions as those proposed in theory (4), where heating power P and speci c SAR are equivalent. e time course of the uid heating for a single or dual supply is presented in Figure 4 for four examples; in all, it is evidently more pronounced warming for the RMF, which was to be expected. However, since time courses are incomparable with each other, a maximum temperature derivative has been found for all examples, which is also the key to the loss or SAR evaluation. For this, only a rst minute of heating curve is relevant where heating is at most intense as seen in Figure 5 (a). e results for all measurements are summarized in Table 1 , where, in the last column (AMF/RMF), the maximum dT/dt ratio was calculated. In most cases, double the value of losses in the case of RMF can be seen, except for the last two measuring points, where slightly smaller values are calculated, which is possible for several reasons.
e reasons for the deviation of the results are smaller deviations of the manually adjusted system excitation parameters in case of RMF, among which are the phase angle changes between signals and the amplitude inequalities of x and y signals. Nevertheless, we conclude that the losses double in a wider frequency band.
SAR Characterization in RMF.
Measurement of losses in the RMF at a constant amplitude and frequency poses a major challenge, as it is necessary to regulate the three variables. e frequency in both systems (x, y) is equal and does not change during the measurements, as well as the adjusted phase angle of both trigger signals of the power ampli ers. Due to the use of an LC-resonance circuit, this does not mean the same phase shift in the power section of the circuit but requires a constant adaptation at the signal side. Minor deviations (±5°) from the desired 90°time lag in power supply signals mean less distorted elds compared to a circular eld, whilst increasing deviations results in a more and more elliptical eld. 
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Due to the heating of the capacitors, the capacity C varies, and hence, the LC circuit is no longer in resonance. Although the frequency is not changed during the measurement, it was necessary to adjust the amplitude of the currents (the magnetic elds H x and H y ) in such a way that the characterization can be really carried out at a constant f and H.
Measurements were carried out in such a way that we rst set up capacitors for resonance at the selected frequency and then set the amplitudes H x and H y whilst cooling the supply coils with cooling water. e sample containing the optical temperature sensor was then inserted in the center of the system; the measured temperature time response from the beginning to the steady state is shown in Figure 6 (a). Figure 6 (b) shows the time courses of the RMF amplitude H and represents the mean value of both the amplitudes H x and H y .
e SAR losses at the frequency of 100 kHz in Figure 7 are obtained in such a way that the maximum temperature derivative (dT/dt) max is determined and multiplied appropriately with the constants according to (10) ; the result is the desired SAR f (H) dependence. Similarly, the characterization was performed for frequencies from 200 to 600 kHz. It is also evident that, by increasing the frequencies, maximum power output decreased for both the power supplies in such a way that, at 100 kHz, a maximum eld of 4.5 kA/m was achieved, whilst at 600 kHz, only 1.2 kA/m.
At each frequency, four points were measured, which was enough to determine the approximate function well with adding the point of (0.0).
Conclusion
In this article, we con rmed experimentally several theses regarding loss of magnetic uid in a magnetic eld. In the previous system, we demonstrated the double loss of only two frequencies (130 and 160 kHz), since the phase-shiftsignal circuit did not permit higher frequencies; in this work, we con rmed that for frequency spectrum from 100 to 800 kHz and proved the theoretical basis of doubled losses in RMF in comparison with AMF.
Because the sample is situated outside the coil and, therefore, in a relatively low eld, we were nevertheless able to show the expected dependence of the SAR f(f, H), in the RMF, which is similar to the dependence of the AMF.
Measurement of the characteristics of the magnetic eld variables B and H was carried out with a couple of pairmeasurement coils, which allowed a more accurate determination of B and H in the x and y directions.
Due to the low susceptibility of the sample and the relatively small magnetic eld amplitudes, we did not see the desired nonlinearity in the loci xy curve as in the case of the AMF [8] , where hysteresis appeared in the case of field amplitude 5 kA/m and above.
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